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Abstract. The super alloy exhibits great strength and fatigue behaviour when nickel (Ni) is present in major
quantities. Moreover, it possesses good corrosive resistant behaviour at high temperatures. However, these
alloys are very difﬁcult to machine under normal machining conditions due to their great strength and low heat
dissolution. In this work, machining was performed on Hastelloy C276 under various machining conditions
(speed, feed and depth) and environments (dry and cryogenic). Liquid nitrogen was used as a coolant in the
machining region. The machinability of Hastelloy C276 was investigated with machining forces, temperature,
surface roughness and hardness under different cutting conditions. Turning experiments that resulted from
passing LN2 drastically reduced temperature by up to 40%. Machining forces were minimal under cryogenic
machining due to its effective lubrication property. Surface ﬁnish of the machined area improved by about 26%
under cryogenic conditions. Both dry and cryogenic machining improved the hardness of the work material. The
high cooling efﬁciency of LN2 improved hardness of the machined surface was about 8-15%. Chip width and
side-ﬂow of chip material were reduced under cryogenic cooling. Moreover, adhesion and abrasion wear were
observed minimally in cryogenic machining compared to dry machining. But no signiﬁcant difference was
observed in notch wear for both types of machining. Machinability of Hastelloy C276 signiﬁcantly improved
when LN2 used as a cutting ﬂuid.
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1. Introduction
Currently, Ni based super alloys are used for high temperature applications due to their mechanical strength,
creep resistance, wear resistance and corrosion resistance
even at high temperatures. Aircraft engine components,
check valves in petrochemical industries and reactors in
nuclear power plants are some of the applications of Ni
based super alloys. Some Ni based alloys like, Incoloy,
Hastelloy and Inconel have potential to survive in critical
environments that are highly inﬂuenced by temperature and
corrosion [1–4].
Most engineering industry components are made by
machining processes that produce a ﬁnal component with
the desired shape, size and quality. Machinability and
surface quality of the work material depends on cutting
parameters and the cutting environment of the machining
process [5]. Thakur and Gangopadhyay [6] stated that
cutting parameters and cutting environment of machining
processes predominantly inﬂuence surface integrities of Ni
super alloys. Umbrello stated that the surface roughness
and micro hardness of Inconel were strongly affected by
*For correspondence

machining parameters during orthogonal dry cutting [7].
Increasing machining speed improved the surface ﬁnish and
micro hardness of the work material whereas higher feed
rates resulted in poor surface ﬁnish but more hardness
values nearer the machined surface. Similarly, machining
experiments on Hastelloy C2000 carried out by Razak
summarized that feed and cutting forces rate highly inﬂuenced surface integrity properties. Reduced cutting forces
due to low feed exhibited good surface ﬁnish of the
machined samples due to less vibration. Increasing cutting
speed reduced machining forces which revealed a better
ﬁnish [8].
Cutting ﬂuids play a vital role during machining processes by diminishing the temperature and frictional effects
thereby improving machinability and the surface of the
work material [9]. Higher cutting temperatures lead to chip
adhesion, build up edge formation and severe tool wear that
deteriorated the quality of the machined surface. Cutting
ﬂuids serve as good coolants as well as lubricants during
machining specially when cutting Ni alloys. Mostly, chips
produced during machining of hard materials adhere to the
tool surface which can be avoided by proper selection and
use of cutting ﬂuids. Using coolant during machining of
Inconel 625 reduced chip adhesion, and increased both tool
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Table 1. Chemical Composition of Hastelloy C276.
Elements Cr Mo Fe W Co Mn V
Si
C
Cu Ni
Wt.%
16 16 5 4 2.5 1
0.35 0.08 0.01 0.5 Bal

Table 2. Turning experimental parameters.
Machining parameters
Cutting speed, v (m/min)
Feed rate, f (mm/rev)
Depth of cut, d (mm)
Cutting environment

Values
:
:
:
:

90, 120, 150
0.1, 0.15, 0.2
0.5, 0.75, 1
Dry and Liquid nitrogen

life and surface ﬁnish. It was also suggested tool life tended
to increase with increased coolant pressure [10]. Machining
of hard materials under high speeds and higher feed rates
need appropriate cutting ﬂuids to ensure good machinability.
However, conventional cutting ﬂuids possess drawbacks
like, corroding machine/work material, producing fumes at
high temperatures and chemical reactions with the newly
formed surfaces. Besides, storing, ﬁltering and recycling of
these cutting ﬂuids increases production cost. Hence, gaseous cutting ﬂuids such as natural air, nitrogen (N) and
carbon dioxide (CO2) attracted more attention in the manufacturing sector due to their distinctive properties. Some
gaseous ﬂuids are used in their liquid phase such as liquid
nitrogen, liquid CO2 which are labelled cryogenic coolants.
Cryogenic coolants provide enormous cooling when used
as cutting ﬂuids and also have good lubricant properties.
Their other beneﬁts include easy availability, being environment friendly, non-toxic, odourless and economy in
bulk production [11, 12].
Shokrani et al [13] stated that cryogenic coolants were
preferable for cutting hard materials like titanium and

nickel alloys which were severely affected by excessive
tool wear. Behera et al [14] performed a comparative study
which concluded that cryogenic cooling during machining
of nickel based alloy effectively diminished the forces and
roughness when associated with dry and wet machining
conditions. Contrarily, Hribersek et al revealed that cutting
forces observed under cryogenic machining of Inconel 718
were higher during e dry machining, because the work
material became hard after experiencing liquid nitrogen. It
was also depicted that cryogenic cooling produced discontinuous chips and increased compressive type residual
stresses. [15].
Machining of nickel-based super alloys generally produced continuous chips with serrated edges due to their
ductile and difﬁcult-to-cut properties [16]. Thakur et al [17]
reported that shear cracks and side-ﬂow of material laterally were evident when machining Inconel 825 at different
cutting speeds under dry conditions. Ross and Manimaran,
after machining studies on Nickel–Chromium alloy and
stated that machining under cryogenic condition reduced
the teeth size of primary and secondary serrations. Also, it
was detailed that tool wear mechanism could be controlled
in cryogenic machining [18].
Many researchers studied and analysed wear mechanism during machining of super alloys under varied
cutting conditions [19]. It was found that abrasion,
adhesion, diffusion, chemical and depth of cut notch
wear was noticed as primary wears tool life during
machining of Ni alloys. Rakesh and Data, investigated
the tool life of carbide inserts during the cutting speed on
Inconel 718. More wear was detected on ﬂank face when
machining speed increased due to the existence of hard
abrasive elements in the specimen which increased friction. Chip adhesion on the rake face was ascribed to the
pressure of weld of material at low speed and high

Figure 1. Experimental set-up.
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Figure 2. Cutting temperature at various depth (a) 0.5 mm, (b) 0.75 mm, (c) 1.00 mm.

temperature generation at high speed [20]. Chetan et al
analysed tool life when machining Nimonic 90 alloy
under cryogenic conditions resulting tool life improvement. Further, it was reported that using LN2 prevented
material adhesion on the rake surface improving the
tool’s edge condition [21].
In this work, machining was carried out on Hastelloy
C276 with various machining parameters. Machining
forces, temperature, hardness, surface roughness, tool
wear and chip morphology were evaluated and analysed to study the machinability of the selected work
material.

2. Material and methods
Hastelloy C276 was selected as specimen for machining
with a diameter of 40 mm. The nominal chemical composition of the work material is given in Table 1. The CNC
machining center performed the experiments with variations in feed, speed and depth of cut as detailed in Table 2.
CNMG 120408 cutting inserts were used for the turning

experiments. The coolant was not supplied under dry
condition of machining whereas liquid nitrogen was provided at the interface of tool and specimen at a ﬂow rate of
&0.2 to 0.3 litres/min during cryogenic machining. The
equipment setup used to perform machining is revealed in
ﬁgure 1.
The thermometer measures temperature during machining. The thermal gun was focused on the machined surface
and the surface temperature recorded for temperature
analysis. A Kistler 9257B dynamometer was ﬁxed to the
centre of machine to measure tangential, feed and radial
forces. Mitutoyo SJ410 surface roughness tester evaluated
roughness on the machined surface. Wolpert Wilson
452-SVD Vickers hardness tester was used to measure
hardness of the machined samples at a load of 0.5kg and
dwell time of 10 seconds.
Hardness values were measured on the subsurface of the
material within 50 lm from the machined zone. A scanning
electron microscope analysed tool wear and chip morphology. Distinct sample and cutting insert were used for
each experiment. Turning experiments were repeated thrice
to ensure accuracy of the outcomes. Similarly,
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Figure 3. Tangential force at various depths of cut (a) 0.5 mm, (b) 0.75 mm and (c) 1.00 mm.

machinability studies were undertaken thrice to conﬁrm
precision of the results.

3. Results and discussions
3.1 Inﬂuence of machining parameters
on machining temperature
Generally, Ni-based super alloys produce high temperature
when subjected to machining. Figure 2(a–c) show the
variation of machining or cutting temperature at various
machining parameters. Heat energy could not easily dissipate from the Hastelloy due to low speciﬁc heat (427 J/
kg K) and thermal conductivity (10.12 W/m K) which
resulted in a high temperature at the cutting zone.
Figure 2(a–c), reveal that when machining parameters
were increased from a lower to a higher level, cutting temperature also enhanced cryogenic and dry conditions. A
maximum temperature of 736°C was observed (ﬁgure 2c)
under a dry cutting condition of 150 m/min, 0.2 mm/rev and

1.00 mm. When the speed was increased from 90 to 150
m/min, temperature also increased due to high frictional
effects and low thermal conductivity of the material. Temperature increased with feed resulting in severe plastic
deformation. More material removal at a higher depth of cut
(1.00 mm) obviously increased cutting temperature. A lower
cutting temperature of 436°C was achieved at 90 m/min, 0.1
mm/rev and 0.5 mm (ﬁgure 2a) under dry conditions.
Liquid nitrogen was used as coolant for wet machining of
Hastelloy C276. It is seen from ﬁgure 2(a–c), that a huge
reduction of cutting temperature was experienced under
cryogenic cooling for a given cutting condition. About
50–60% reduction in cutting temperature was perceived in
cryogenic conditions compared to dry machining conditions.
A large amount of heat was wiped-out by liquid nitrogen
which reduced cutting temperature [18, 22]. During cryogenic machining, the highest temperature of 353°C was
observed at higher machining conditions of 150 m/min,
0.2 mm/rev and 1.0 mm. The lowest temperature (162°C)
was observed at lower machining condition of 90 m/min,
0.1 mm/rev and 0.5 mm.
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Figure 4. Radial force at various depths of cut (a) 0.5 mm, (b) 0.75 mm, (c) 1.00 mm.

3.2 Machining forces
Machining forces play a vital role in determining the
machinability and surface integrity of materials. In this study,
Tangential force (Ft), Radial force (Fr) and Feed force (Ff)
were measured for different cutting conditions and are given
in ﬁgures 3–5. Of the three force components, Tangential
force had the highest magnitude. As seen from ﬁgure 3a,
maximum Tangential force of 102 N was observed in dry
machining which performed at 90 m/min, 0.1 mm/rev and
0.5 mm but when machining speed was ampliﬁed to 120 m/
min, force was reduced. A minimum force of 80 N was
noticed at dry cutting with 150 m/min, 0.1 mm/rev and
0.5 mm. Usually, enhancement of machining speed increased
cutting temperature that softened the work specimen [23].
In this study, cutting speed was increased with a constant
interval of 30 units as 90 m/min, 120 m/min and 150 m/
min. As machining speed increased, temperature rise at the
localized cutting region thermally softened the work
material. Hence, the force required to remove the material
during turning at higher speed was less. Hence, Tangential
forces achieved at speeds (120 m/min and 150 m/min)
were minimal when compared to those of Tangential force

obtained at 90 m/min under dry cutting condition. The
machining parameter, feed rate also affected machining
force. Figure 3a, reveals that machining forces increased
with an increment in feed. Machining at maximum feed
encountered more friction and plastic strain at the cutting
zone increasing machining forces [24]. Moreover, increment in feed increased metal removal rate which lead to
higher force values. Increment of feed rate at 0.1 to 0.15
mm/rev resulted in higher forces due to more frictional
effects during machining the work material. Likewise,
when feed was further increased to 0.2 mm/rev, friction and
metal removal increased greatly leading to a high magnitude of Tangential force.
The signiﬁcance of depth of cut on machining forces was
also studied and results were plotted in ﬁgure 3(a–c). When
depth of cut was raised from a low to a higher value for a
constant speed and feed, Tangential forces also increased.
Tangential forces generated at a depth of cut of 0.75 mm
are illustrated in ﬁgure 3b. It was seen that increment in
depth of cut from 0.5 to 0.75 mm, Tangential force also
increased. More material removal due to a higher depth of
cut at a constant speed/feed encountered more forces during
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Figure 5. Feed force at various depths of cut (a) 0.5 mm, (b) 0.75 mm and (c) 1.00 mm.

machining. An additional increment in depth of cut (i.e., 1.0
mm) also increased Tangential force. A peak machining
force of 336 N was observed for a dry cutting condition of
90 m/min, 0.2 mm/rev and 1.00 mm (ﬁgure 3c) [25].
A similar trend was observed during machining of
Hastelloy under cryogenic cooling. But the magnitudes of
forces are reduced compared to dry machining due to the
lubrication effect of LN2 [ﬁgure 3(a–c)]. Force was reduced
with the lubrication between tool-chip interfaces by LN2.
Maximum force (192N) was achieved under cryogenic
machining at 90 m/min, 0.2 mm/rev and 1.00 mm which was
40% lesser than the dry condition [26]. Also, the least force
(71N) was measured at 150 m/min, 0.1 mm/rev and 0.50 mm.
It was summarised the Tangential forces produced during
machining of Hastelloy C276 were signiﬁcantly affected by
cutting parameters. An increment in cutting speed decreased
Tangential forces, while feed rate and depth of cut increased
them. Moreover, using LN2 as a cutting ﬂuid, reduced Tangential forces signiﬁcantly than that during dry machining [26].

Variation thrust and feed forces matched the mechanism
followed for Tangential force as shown in ﬁgures 4 and 5.
The force acting along the tool axis and also perpendicular
to the axis of the work piece is called Radial force. Radial
forces were reduced with enhanced machining speed in
both dry and cryogenic conditions. [27]. Increment in speed
produced more heat which softened the work material at the
localized region and made material removal easier.
Diversely, higher feed and depth increased the contact
between the tool and work material raising frictional effects
thereby increasing Radial force.
Figure 5(a–c), depict that feed forces have relatively low
magnitudes when compared to cutting and radial forces. The
force acting along the feed direction is known as feed force.
Similar to other forces (cutting and thrust), feed forces also
decreased with increased cutting speed. Force values also
increased with both feed rate and depth of cut. Generally
higher feeds and depths of cut increased frictional effect via
more tool-chip contact and hence both forces increased.

Sådhanå (2020)45:240
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Figure 6. Variation of Ra at various depths (a) 0.5 mm, (b) 0.75 mm and (c) 1.00 mm.

However, machining force attained at cryo-condition was
less than the dry-state due to the effect of lubrication by LN2.

3.3 Surface roughness
Generally the value of surface roughness (Ra) is much
inﬂuenced by machining parameters like speed, feed, depth
of cut, tool geometry and environment like dry or wet
conditions. Thermal softening led to reduced roughness
while speed increased. Contrarily, surface roughness
improved with an increment in depth of cut and feed due to
the frictional effects and more metal removal rate [28].
Effect of cutting parameters on Ra of the machined
Hastelloy C276 are illustrated in ﬁgure 6(a–c). Surface
roughness of the machined samples showed a decreasing
trend when machining speed was augmented to 150 m/min
under dry and cryogenic conditions. Minimum Ra
(0.9031 lm) was observed during dry machining with
machining parameters of 150 m/min, 0.1 mm/rev and
0.50 mm. Reduction in roughness at higher speed under dry
machining was attributed to material side ﬂow, easy metal

removal by thermal softening and a reduced possibility of
build-up of edge formation.
High temperature produced at high speeds facilitated
smooth material removal reducing surface roughness.
Moreover, low feed and depth of cut at this speed showed less
friction effects that lead to better ﬁnish on the machined
surface [29, 30]. As discussed earlier, increment in depth of
cut and feed resulted in higher machining forces. Figure 6(b
and c) emphasize the effect of depth of cut on Ra of the
machined surface. A feed of 0.2 mm/rev, machining depth of
1 mm and 90 m/min speed produced the highest roughness
of 1.9047 lm under dry machining conditions. Higher depth
and feed during machining led to more friction and vibration
caused by higher material removal at a given cutting speed.
This resulted in poor surface [28]. Nevertheless, ﬁgure 6(a–
c), clearly reveal that machining under cryogenic cooling
considerably reduced Ra of the machined component compared to dry machining for a given cutting condition. About
16–26% reduction of Ra was observed in cryo-machining
compared to the dry condition. During turning, LN2 acted as
lubricant between contact surfaces such as tool-chip and toolwork interfaces [31, 32].
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Figure 7. Surface hardness at various depths of cut (a) 0.5 mm, (b) 0.75 mm and (c) 1.00 mm.

Generally, liquid nitrogen makes the material harder
when exposed for a period of time. But in this study, liquid
nitrogen was passed only between tool-work interfaces.
Hence, the exposure time of work material’s surface to
liquid nitrogen was less due to continuous rotation of the
work-piece; hence, hardening of work material was limited.
The cutting tool (specially the cutting edge) was always in
contact with LN2. So, thermal deterioration of the cutting
tool due to high temperature was eliminated by the application of LN2 which provided lubrication and cooling.
Hence, the value of Ra produced during cryo-machining
was notably less than in a dry condition. Like dry
machining, the value of Ra in the machined region also
increased with feed and depth of cut during cryomachining.

3.4 Hardness
Hardness is a strength property of material that refers to its
resistance to plastic deformation due to compression. In this

section, the inﬂuence of machining parameters on the
hardness of work material is discussed. Base hardness of
the work specimen was measured to be in a range of
180–190 in a Vickers’s Scale. Generally, cutting speed,
feed rate and cutting environment predominantly affect
surface hardness of the machined sample. Hardness of the
machined surface increased with feed and speed which led
to the formation of thermal and plastic deformation [33].
Figure 7(a–c) depict surface hardness of the
machined Hastelloy under various machining conditions. The magnitude of hardness values increased with
an increase in cutting parameters. The average surface
hardness of the work material was observed as 191 Hv.
Maximum hardness (231.8 Hv) was achieved in dry
machining with the following parameters (150 mm/
min, 0.2 mm/rev and 1 mm). Occurrence of higher
hardness of the machined surfaces at higher speeds was
ascribed to (1) high temperature at high speed heating
the machined surface of the Hastelloy which has low
thermal conductivity. Then the material was slowly
cooled in atmospheric conditions similar to heat
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Figure 8. Chip macrograph under different cutting conditions.

treatment. Hence, hardness increased; (2) material on
the machined surface was subjected to severe deformation during machining that lead to an increase in the
hardness of the specimen. Similarly, shooting of depth
and feed also increased hardness. During metal
removal, a layer of material ahead of cutting tool
(cutting edge) in both feed and thrust directions was
severely deformed and subsequently a plastic strain
was setup [34]. On the other hand, liquid nitrogen
suddenly cooled the hot machined surface which
increased the surface hardness of the material under all
given cutting conditions. A highest hardness of
265.1 Hv was achieved under cryogenic cooling (ﬁgure 7c). Severe plastic deformation and sudden cooling
of the machined surface during cryogenic machining
exhibited higher hardness than that during dry
machining [34].

3.5 Chip morphology
Various types of chip formed during machining of
Hastelloy at various cutting conditions with constant
depth of cut of 0.5 mm are e depicted in ﬁgure 8. Generally, continuous type of chips are produced while

machining of Hastelloy due to its ductile property. Macro
images of chips showed that they were curled with different curl-diameters under varied machining conditions
[20]. The chip formed at 0.1 mm/rev (ﬁgure 8a) had a
larger curl diameter with smaller pitch length when
compared to that the chip produced at 0.1 mm/rev (ﬁgure 8c) for a same speed of 90 m/min in dry machining.
Moreover, the sliding (back) surface of the chip under
low feed rate was polished when compared to the chip
formed at high feed rate. Also, the chips appeared to be
harder and contained burrs along the edges at feed rates
over 0.1 mm/rev. Enhancement of feed (0.1–0.2 mm/rev)
induced severe plastic deformation at the shear zone that
changed the morphology of chip formation. Increment in
cutting speed also affected chip formation as seen in
ﬁgure 8(a and e). An increment in machining speed from
90 to 150 m/min at a constant feed (0.1 mm/rev) augmented curl-diameter and chip-pitch. This could be due
to the formation of higher temperature at a higher cutting
speed. When the feed was increased for the same
machining speed of 150 m/min, the helical angle of the
chip was reduced with a lesser curl-diameter. The chip
formed at lower speed of 90 m/min was harder than the
chip produced at 150 m/min for a same feed rated of 0.2
mm/rev, as the high temperature and higher machining

240

Page 10 of 14

Sådhanå (2020)45:240

Figure 9. SEM micrograph of chips under different cutting conditions.

speed thermally softened the chips. The same trend was
noticed during cryo-machining and the same is shown in
ﬁgures 8(b, d, f and h). But the sliding surface of the
chips were more polished and smoother in cryo-machining due to its better lubricant effect at tool chip
interface. Moreover, the pitch of the chip was found to be
lesser in cryogenic machining due to drastic temperature

reduction. Sudden cooling by LN2 prevented chip
elongation along the axis of chip formation which
reduced chip-pitch.
SEM micrographs of the free surfaces in chips formed
under different machining conditions are revealed in ﬁgure 9. A shear band was clearly observed for the chip
produced at 90 m/min and 0.1 mm/rev under dry machining

Sådhanå (2020)45:240

Page 11 of 14

240

3.6 Tool wear

Figure 10. SEM micrograph of the unused tool.

as shown in ﬁgure 9(a). Further, a side ﬂow of the chip was
also noticed along its lateral direction [17, 21].
An increment in feed reduced the side-ﬂow of the chip as
well as chip width as shown in ﬁgure 9(c). The shear band
was not clearly visible and merged with each other along
the chip ﬂow direction. The width of the shear band was
295 lm. Temperature produced at this feed and the
occurrence of plastic deformation at the shear zone were
due to above phenomena. When speed was increased from
a low to a high level (150 m/min) at a feed (0.1 mm/rev)
under dry machining, ﬁgure 9(e) the width of the primary
shear band increased (335 lm) with the formation of multishear bands between successive primary bands. Low thermal diffusivity of the work material retained heat which
initiated multi-shear bands (secondary bands). Chip sideﬂow was also observed at this cutting speed due to low feed
rate. An increment of feed (0.2 mm/rev) diminished the
side-ﬂow of chip as seen in ﬁgure 9(g). Supplying LN2 as
coolant during machining reduced the side-ﬂow of the
material [21] and decreased chip width. Increment in speed
and feed produced similar chips as observed under dry
machining. The chip formed at a speed of 150 m/min and
0.2 mm/rev under cryogenic machining exhibited more
cracks when compared to that under dry condition ﬁgure 9(h). Very high temperature experienced by the chip
under this cutting condition when suddenly cooled by LN2
lead to the formation of more cracks along the primary
shear band.

A study of tool wear was carried out for a machining
time of 300s. The SEM image of the unused tool is
shown in ﬁgure 10. Usually, researchers reported that
tool wear occurred during the machining of Ni based
alloys due to the wear mechanisms like abrasion, adhesion, diffusion and notching during both dry and wet
circumstances [19].
SEM micrographs of the worn tools after machining at
90 m/min, 0.1 mm/rev and 150 mm/min, 0.2 mm/rev at a
constant depth of cut 0.5 mm are displayed in ﬁgure 11.
Wear occurred on the rake surface, ﬂank face and main
cutting edge of the insert. Wear occurred under dry
cutting conditions of 90 m/min and 0.1 mm/rev as shown
in ﬁgure 11(a). Adhesion wear on the rake surface and
abrasion wear on the ﬂank face were also seen. As discussed earlier, machining of Hastelloy produced a continuous chip and so high friction was generated between
the tool and chip interfaces. Moreover, experimental
machining under this cutting condition produced a cutting
temperature of 436°C which was sustained throughout
the wear study experiment.
The above said reasons can be attributed for material
adhesion on the rake surface [20]. Wear length of
270 lm on the ﬂank of the cutting tool is revealed in
ﬁgure 11(a). It was reported that an increment in
machining speed with constant feed and depth obviously lead to tool wear [20]. Figure 11 (e and g) show
the worn tool machined at a machining speed of
150 m/min and a feed of 0.2 mm/rev in dry condition.
The tool was mainly inﬂuenced by adhesion wear on
the rake face, abrasion wear on rake and ﬂank faces as
well as depth of cut notch wear along the main cutting
edge [19]. High temperature due to the top speed and
high friction plastically deformed the chip that ﬂowed
over the rake face causing material adhesion. Besides
more abrasion wear was found at the ﬂank face
because of friction and, thermal stress machining forces. A wear length of 1300 lm was measured along
the ﬂank face which caused severe wear at high
machining speed and feed under dry machining. Most
of machining and, use of cutting ﬂuids considerably
reduced e tool wear when compared to that of dry
machining.
Tool wear observed for the similar machining conditions (wear study of dry machining) under cryogenic
cooling are shown in ﬁgure 11(b, d, f and h) where
less tool wear compared to that dry machining [35, 36]
is seen. As discussed earlier, using LN2 as a cutting
ﬂuid during the machining of Hastelloy drastically
reduced cutting temperature. Moreover, LN 2 acted as a
good lubricant between the mating surfaces such as
tool—chip interface and tool—work piece interface
and, hence friction was reduced. Due to low temperature during cryogenic machining, material adhesion
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Figure 11. SEM micrographs of tool wear under different machining conditions.

Sådhanå (2020)45:240
was almost not found on the tool’s rake face. Therefore, adhesion type wear under cryogenic condition
(cutting speed 90 m/min and feed 0.1 mm/rev) was
minimal when compared with that of dry conditions.
However, abrasion wear was observed on the cutting
edge of the tool due to machining forces. No signiﬁcant wear was found on the ﬂank surface due to owing
to the better lubrication effect of LN2.
Tool wear observed for a speed of 150 m/min and
feed (0.2 mm/rev) during cryogenic machining are
shown in ﬁgure 11(f and h). Similar to the wear study
under dry conditions, the cutting tool under cryogenic
condition was severely affected by abrasion and depth
of cut notch wear mechanisms. The low length of
abrasion on the ﬂank face was measured as 830 lm
[21] than in dry machining. The depth of cut notch
wear found for the cryogenic condition was similar to
the cryogenic condition. High machining speed and
feed dominated the lubrication effect of LN2 that
caused severe notch wear. However, adhesive wear was
not found on the rake face [36]. Passing LN2 during
machining process considerably inhibited adhesion
wear and signiﬁcantly reduced abrasion wear when
compared to that of dry machining.

4. Conclusions
Turning experiments on Hastelloy C276 were carried out
with a variation of machining parameters during dry and
cryogenic machining processes and the following inferences were made.
1. Maximum temperature of 736°C was recorded in dry
machining under machining conditions of 150 m/min,
0.2 mm/rev and 1.0 mm. Supply of LN2 drastically
reduced cutting temperature by about 50–60%.
2. Thermal softening of the material was due to high
temperature generation at the highest cutting speed under
dry condition which also produced lower machining
forces. Improved lubrication effect of LN2 reduced the
machining forces than that of dry machining considerably.
3. Feed and depth of cut strongly inﬂuenced the roughness
of the machined region. Surface ﬁnish was reduced with
increased feed and depth whereas high machining speed
revealed good surface ﬁnish. Using liquid nitrogen as a
coolant improved the surface ﬁnish of the machined
surface due to its lubrication properties.
4. Occurrence of severe plastic deformation under dry
machining improved the hardness of the machined zone.
8–15% improvement in hardness values during cryogenic machining can be correlated with the sudden
cooling of the hot machined surface.
5. Chip with smooth slide surface and reduced side-ﬂow
was achieved in cryogenic machining. Also, cracks were
observed during a high speed of 150 m/min.
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6. Adhesion and abrasion wear were observed minimally in
cryogenic cooling compared to dry machining. Both dry
and cryogenic machining exhibited depth of cut notch
wear at the highest machining speed.
7. Machinability of Hastelloy C276 considerably improved
under cryogenic cooling.
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